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We report here an image-based method to quantify the stoichiometry of diffraction-limited sub-cellular
protein complexes in vivo under spinning disk confocal microscopy. A GFP single molecule ﬂuorescence
standard was ﬁrst established by immobilizing His-tagged GFP molecules onto the glass surface via
nickel nitrilotriacetic acid functionalized polyethylene glycol. When endogenous nucleoporins were
knocked down and replaced by the exogenously expressed and knockdown-resistant GFP-nucleoporins,
the stoichiometry of the nucleoporin was estimated by the ratio of its ﬂuorescence intensity to that of the
GFP single molecules. Our measured stoichiometry of Nup35, Nup93, Nup133 and Nup88 is 23, 18, 14 and
9 and there are possibly16 copies of Nup107-160 complex per nuclear pore complex.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Proteins often dynamically assemble as complexes of certain
stoichiometry for their proper molecular and cellular functions.
Stoichiometry is important for our understanding of the structure
and function of a protein complex. The subunit stoichiometry is
conventionally assessed by biochemical approaches. For example,
by using the puriﬁed or enriched nuclear pore complex (NPC), the
stoichiometry of its subunits, called nucleoporins (Nups), has been
empirically determined by gel blotting intensity or quantitative
mass spectrometry [1e3]. There are however at least three disad-
vantages for the conventional bulk biochemical approach. First, the
puriﬁcation of an intact protein complex to homogeneity can be
very challenging. Second, the ensemble-averaged stoichiometry is
unable to reveal the individualities of protein complexes. Third, the
quantiﬁcation is conducted in vitro instead of in an in vivo cellular
environment.
The availability of ﬂuorescence proteins in conjunction with the
advancement of microscopy has made it possible to directly assess
the stoichiometry of protein complexes. One method is to directly
count the number of discrete photobleaching stepsInc. This is an open access article u(photobleaching method) [4]. However, as the stoichiometry in-
creases to >5, it becomes technically challenging to unambiguously
identify photobleaching steps, hence limiting this method to only
small complexes on cell surfaces. The problem could be solved by
adopting special microscopic techniques such as SPEEDmicroscopy
[5]. An alternative method is based on ﬂuorescence intensity ratio
(intensity method). To this end, a ﬂuorescence standard of known
stoichiometry must be ﬁrst established. Next, the individual sub-
units of the protein complex are ﬂuorescence-labeled and the
subunit stoichiometry can be worked out by comparing the ﬂuo-
rescence intensity of the complex to that of the standard. Estab-
lishing the ﬂuorescence intensity standard is the key to the success
of this method. Viral-like particles (VLP) containing 120 copies of
GFP-VP2 and bacterial homo-oligomeric complex of 10e24 sub-
units have been reported as standards for this purpose [6,7].
However, ﬂuorescence-tagged subunits of these standards could be
rendered non-ﬂuorescent during preparation, storage or imaging.
Since single molecules display all-or-none ﬂuorescence, the ﬂuo-
rescence intensity of individual single molecules is not subject to
the population decay. Hence, single molecules should make better
ﬂuorescence intensity standard. Here we describe a convenient
method of obtaining the single molecule ﬂuorescence standard by
quantifying the intensity difference during single-step photo-
bleaching. Using this standard, we systematically measured the
stoichiometry of Nups in cultured mammalian cells.
NPCs are 8-fold rotational symmetry channels on the nuclearnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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between the nucleus and cytosol [8]. With a molecular mass of
~120MDa, the NPC is one of the largest proteinaceous complexes in
a mammalian cell [9]. Despite its gigantic size, there are only ~30
types of Nups in the NPC. At themoment, the X-ray crystallographic
structure of the NPC does not exist and the molecular architecture
of the NPC is unknown. There are ongoing attempts in elucidating
the structure of the NPC and tremendous progress has been made
recently [10]. Stoichiometry has been the key information in
building or evaluating structural models of the NPC. However the
experimental results on the stoichiometry of the NPC are largely
inconsistent. This could be reﬂected by the stoichiometry of
Nup133, which is a key subunit of the core complex e Nup107-160
complex (Y-complex). By a biochemical approach, Cronshaw et al.
estimated it to be 8 by gel staining [2]. On the other hand, by an
imaging-based intensity method, Rabut and Finan et al. measured
25 and 32 copies of Nup133 per NPC, demonstrating that the
stoichiometry of Nup133 is probably 32 [7,11]. This result is
consistent with that from the integrative approach combining
quantitative mass spectrometry, cryo-EM and crystallography
[3,12e15]. However, by combining photobleaching with intensity
approach, Mi and Schuster et al. reported 16 copies of Nup133 per
NPC in yeast cells [5,16]. Therefore, there is a need to further verify
or resolve these discrepancies by independent methods. Here, we
report the estimation of the stoichiometry of the NPC by a single
molecule based intensity method.
2. Materials and methods
2.1. Construction of DNA plasmids
Please see Supplementary material for details.
2.2. Tissue culture, transfection, knockdown, Western blot and
antibodies
HeLa and HEK293 cells were cultured in DMEM supplemented
with 10% fetal bovine serum at 37 C in 5% CO2 incubator. Trans-
fection was conducted using Lipofectamine 2000 (Invitrogen) ac-
cording to manufacturer's protocol. For knockdown experiments,
HeLa cells were co-transfected with shRNA constructs in pSU-
PER.retro.puro vectors and GFP-Nup constructs (wild types or
mutants). After 3 days, cells were either processed for immuno-
ﬂuorescence microscopy or lysed in 1xSDS sample buffer for
Western blot analysis. Anti-b-tubulin (mouse monoclonal)
(#sc5274) and anti-GFP (mouse monoclonal) (#sc9996) antibodies
were purchased from Santa Cruz Biotechnology. HRP-conjugated
goat anti-mouse IgG antibody was purchased from Bio-Rad. The
quantiﬁcation of Western blot bands was conducted in ImageJ
(http://imagej.nih.gov/ij/).
2.3. Preparation of GFP single molecules on Ni-NTA-PEG-coated
glass surface
A #1.5 F25 mm glass coverslip was ﬁrst sequentially cleaned by
NaOH and ethanol in a bath sonicator. After extensive rinse in
water, the coverslip was dried in an oven. Next, the coverslip was
placed on top of a drop of poly(L-lysine)-graft-poly(ethylene glycol)
co-polymer (PEG, negative control) (Susos AG, #PLL(20)-g[3.5]-
PEG2) or poly(L-lysine)-graft-poly(ethylene glycol) co-polymer
with NTA end-functionalized PEG chains (NTA-PEG) (Susos AG, #
PLL(20)-g[3.5]-PEG(3.4)-NTA) for 1.5 h at room temperature. After
washing extensively with water, the coverslip was dried in a vac-
uum. The NTA group was loaded with nickel by incubating the
coated glass surface with a drop of 50 mM NiCl2 solution on thesurface of Paraﬁlm (Bemis) at room temperature for 2 h. After
washing extensively with water, a chamber was assembled using
PEG- or Ni-NTA-PEG-coated coverslip with the coated side up.
Immerse the Ni-NTA-PEG-coated coverslip with PBS containing
5 mM imidazole at room temperature for 15 min to block Ni-NTA
group. HEK293 cells were transfected to transiently express
6  His-GFP. Cells were lysed in PBS buffer with 0.1% Triton X-100
and the resulting lysate was cleared by high speed centrifugation in
a refrigerated table-top centrifuge. The coverslip was kept in dark
for the following steps. The lysate was applied into the PEG- or Ni-
NTA-PEG-coated coverslip chamber at room temperature. The
density of 6  His-GFP single molecules could be controlled by the
dilution of the cell lysate and the incubation time. After washing
with water, the coverslip was dried in a vacuum. A small amount of
Tetraspeck ﬂuorescence beads (Invitrogen) were applied to the
center of the coverslip to aid in ﬁnding and focusing the coated
surface. After the ﬂuorescence bead slurry on the coverslip dried in
the vacuum, the coverslip were mounted in Mowiol mounting
medium, which contains 20% Mowiol 4-88 (EMD Merck), 9% glyc-
erol, 109 mM Tris pH8.0 and 0.3% 1,4-diazabicyclo[2.2.2]octane
(Sigma).
2.4. Imaging
GFP single molecules and nuclear pores were imaged under a
spinning disk confocal microscope system comprising Olympus
IX81 microscope (Olympus) equipped with an oil objective lens
(100, 1.45 NA), a piezo z-stage, Yokogawa CSU-X1 spinning head,
an extra magniﬁcation lens and an EMCCD camera (Evolve; Pho-
tometrics). GFP ﬂuorophores were excited by a 50 mW 488 nm
solid state laser (Sapphire; Coherent), which was controlled by an
acousto-optic tunable ﬁlter. The emission light of GFP was collected
after it sequentially passed through a GFP dichroicmirror (Semrock,
#Di01-T488) and a GFP long-pass emission ﬁlter (Semrock,
#BLP01-488R) (mounted in the ﬁlter wheel of CSU-X1). The mi-
croscope system was controlled by Metamorph software (Molecu-
lar Devices). The pixel size was measured to be 67 nm by a micro-
ruler (Geller MicroAnalytical Laboratory). The z-step of image
stacks was 200 nm. The acousto-optic tunable ﬁlter was set as 80%.
The gain of the EMCCD camera was 1  . The digitizer used was
5 MHz with EM gain 700. The exposure time for GFP single mole-
cules (ta) and NPCs (tb) ranged from 100 to 400 ms. After acquisi-
tion, NPC images were subjected to manipulation by multiplying
them with a factor of ta/tb to normalize the difference in the
exposure time (no image saturation was resulted).
2.5. Image analysis
Image analysis was performed in ImageJ. Only the central
quadrant of the EMCCD image was used for quantitative analysis.
For the 2D time-lapse of GFP single molecules, objects were
manually selected using round ROIs with diameters of 7 pixels in
the ﬁrst frame of the time-lapse. The mean intensities within ROIs
at each time point were acquired by ImageJ and subsequently
exported to Excel. The mean intensity vs time was plotted in Excel
and photobleaching time points were visually identiﬁed. Intensity
traces fulﬁlling the following two criteria were selected for anal-
ysis: 1) displaying single-step intensity drop and 2) possessing
more than 7 frame before and 10 frames after the photobleaching
time point. The intensity of the GFP single molecule (IGFP) is
therefore calculated as the difference between the mean value
before and after the photobleaching time point. For nuclear pore
images, the 3 z-sections were visually examined to choose the best
focused section. 7  7 square ROIs were manually selected similar
to the analysis of GFP single molecules. An ImageJ macro was
Fig. 1. Single GFP molecules as a ﬂuorescence standard. (A, B) PEG- or Ni-NTA-PEG-coated glass coverslip incubated with cell lysate expressing 6  His-GFP was imaged by a
spinning disk confocal microscope as a 2D time-lapse. The left panel is the image of xy plane at t ¼ 0. Scale bar, 5 mm. The right panel is the yt kymograph. The vertical red line
denotes the x position of the kymograph. (C) Time-lapse series of selected regions (11  11 pixels) which are marked in (B). Region 1, 2 and 3 contain typical single GFP molecules.
Region 4 shows a background control. (D) The mean intensity (within a round ROI with the diameter of 7 pixels) versus time traces for regions 1-4. (E) Histogram and statistics of
single GFP molecules. Mean, standard error of the mean and n are denoted.
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pixel diameter round ROI and a concentric 9-pixel diameterround ROI. The mean intensities within the central and ring ROIs
were acquired at each time point and the intensity of the GFP-Nup
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mean values. The stoichiometry of GFP-Nup was subsequently
calculated as INup/IGFP.
3. Results
3.1. Single molecule imaging by the spinning disk confocal
microscopy
Previously we used glass coverslip adsorbed s2-GFP as a GFP
single molecule intensity standard [17]. A few problems arose
during our subsequent usage of this method. First, surface adsorbed
s2-GFP was occasionally observed to dissociate from the glass
coverslip surface. The dissociation of GFP molecules can be falsely
identiﬁed as single-step photobleaching events. Second, s2-GFP
molecules are unevenly distributed on the glass surface which
makes it difﬁcult to ﬁnd an area with appropriately spaced GFP
single molecules. Third, there is signiﬁcant background ﬂuores-
cence due to the non-speciﬁc adsorption of cellular proteins on the
glass surface. The background ﬂuorescence reduces the signal-to-
noise ratio of single molecule images.
An ideal ﬂuorescence standard should have a layer of appro-
priately spaced, immobilized and homogenous GFP single mole-
cules on a glass coverslip with minimal adsorption of irrelevant
proteins. To that end, we ﬁrst functionalized the glass surface using
nickel nitrilotriacetic acid coupled polyethylene glycol (Ni-NTA-
PEG), which is optically transparent and displays very low protein
binding or retention. Next, the glass surface was incubated with
HEK293 cell lysate expressing 6  His-GFP. After washing, 6  His-
GFP molecules were speciﬁcally immobilized onto the glass surface
by the non-covalent binding between Ni-NTA and 6  His tag. GFP
single molecules on the coverslip were imaged under a spinning
disk confocal microscope. When coupled with an electron multi-
plying charge-coupled device (EMCCD) camera, the spinning disk
confocal microscope could easily image GFP single molecules (Fig. 1
and Supplementary movie 1). The Ni-NTA-PEG-coated glass surface
typically showed dozens of GFP ﬂuorescence spots, which were
absent in the control PEG-coated surface (Fig. 1A and B). The
background ﬂuorescence of the Ni-NTA-PEG-coated coverslip was
minimal but homogenous. Round ROIs (regions of interest) with
diameters of 7 pixels were applied to ﬂuorescence objects and the
mean ﬂuorescence intensity within each ROI was plotted against
time as traces (Fig. 1BeD). During the 2D time-lapse imaging, weFig. 2. The replacement of endogenous Nups by GFP-tagged mutant Nups. HeLa cells were tr
resistant mutant GFP-Nup. Cell lysates were blotted by anti-GFP antibody to detect the e
shNup93-XhoI, all shRNAs showed >50% knockdown of co-expressed wild type GFP-Nups.observed all-or-none ﬂuorescence intensity or single-step photo-
bleaching, therefore demonstrating that ﬂuorescence objects are
GFP single molecules (Fig. 1BeD). The occasional blinking behavior
of GFP single molecules was also observed, consistent with the
previous report [18]. Those traces not displaying single-step pho-
tobleaching were rejected for further analysis as they could
represent oligomerized or aggregated 6  His-GFP. The intensity of
a GFP single molecule (IGFP) is acquired by the difference between
the mean intensity immediately before and after the photo-
bleaching step. The statistical distribution of IGFP is shown in Fig. 1E.
In summary, we have developed a GFP single molecule based
ﬂuorescence standard.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.bbrc.2016.09.005.
3.2. Replacement of endogenous Nups by GFP-tagged Nups
Having established the GFP single molecule ﬂuorescence stan-
dard, we aimed to quantify the stoichiometry of the NPC in cultured
mammalian cells. To reduce the interference of endogenous Nups,
we simultaneously co-expressed shRNAs targeting endogenous
Nups and corresponding exogenous mutant GFP-Nups. Mutant
GFP-Nups harbor silent point mutations that render them insen-
sitive to shRNA-mediated knockdowns. Due to the lack of anti-
bodies against Nups, the silencing effect of shRNAs on endogenous
Nup was indirectly assessed by comparing immuno-blots of wild
type GFP-Nups in the presence of co-expressed targeting shRNA or
control shRNA (shCtrl). shRNAs for Nup35, Nup93, Nup133 and
Nup88 typically depleted >50% of co-transfected wild type GFP-
Nups (Fig. 2). In all cases, mutant GFP-Nups were resistant to be
depleted by corresponding shRNAs. We reasoned that the over-
expression of mutant GFP-Nups in combination with the depletion
of endogenous copies could ensure a great majority of Nups to be
replaced by mutant GFP-Nups.
3.3. Estimation of the stoichiometry of GFP-Nups in the NPC
Under the Nup replacement condition established above, HeLa
cells co-expressing mutant GFP-Nups and shCtrl or corresponding
targeting shRNAs were processed for imaging using identical con-
ditions as GFP single molecules. Bottom NEs were imaged and
typical images of mutant GFP-Nups are shown in Fig. 3A. NPCs were
easily resolved as individual objects under our spinning diskansfected with shCtrl or a targeting shRNA and the corresponding wild type or shRNA-
xpressed GFP-Nup. The b-tubulin blot shows equal loading of the cell lysate. Except
Fig. 3. Representative images of mutant GFP-Nups and the schematic illustration
showing the local background subtraction. (A) HeLa cells were transfected with shCtrl
or individual shRNA and the corresponding shRNA-resistant mutant GFP-Nup. The
image of the bottom NE is shown. Scale bar, 5 mm. (B) The schematic illustration of
local background subtraction used in our method. Two concentric round ROIs with
diameter of 7 and 9 pixels respectively are drawn around the ﬂuorescence object. The
central and ring ROI represent the signal and the local background respectively.
H.C. Tie et al. / Biochemical and Biophysical Research Communications 478 (2016) 1694e16991698confocal microscope. Care was taken to minimize the photo-
bleaching damages of GFP-Nups. An image stack comprising 3
sections with a z-step of 200 nmwas acquired around the bottom of
the NE for each GFP-Nup. The section with the best focused NPCsTable 1
The stoichiometry or number of mutant GFP-Nups per NPC measured from our study.
Nup complex Mutant Nup construct
Nup93-205 complex GFP-Nup35-mut
GFP-Nup93-mut
Nup107-160 complex GFP-Nup133-mut
Nup88-214 complex GFP-Nup88-mut
HeLa cells were co-transfected with mutant GFP-Nups and corresponding shRNA constr
mutant GFP-Nups, which is presented as mean ± standard deviation. n is the number ofwas selected for the subsequent analysis. To correct the uneven
background ﬂuorescence intensity on the NE, we adopted the local
background subtraction method. As illustrated in Fig. 3B, the mean
intensity within the central ROI with a diameter of 7 pixels is
contributed by both the NPC and background ﬂuorescence, while
that of the ring ROI immediately outside represents the local
background ﬂuorescence. The mean intensity of GFP-Nup labeled
NPC (INup) is therefore obtained by subtracting the mean intensity
of the ring ROI from that of the central ROI. The stoichiometry of
GFP-Nup was subsequently calculated as INup/IGFP, since IGFP was
obtained using ROIs of the same size (Fig. 1E). The statistics of
measured stoichiometry is listed in Table 1, in which >300 NPCs
from 8 to 15 cells were analyzed for each Nup. For Nups with dual
targeting shRNAs, the average of the two measured stoichiometry
values is used for comparison. Our measured stoichiometry of
Nup35, Nup93, Nup133 and Nup88 is 23, 18, 14 and 9, respectively.4. Discussion
We report here an imaging-based method to quantify the stoi-
chiometry of a protein complex in cultured cells. The feature of our
method is the utilization of GFP single molecules as the ﬂuores-
cence standard in combination with the spinning disk confocal
microscope, which is a conventional instrument for cell biology
labs. Unlike the total internal reﬂection ﬂuorescence microscopy
basedmethod [4], our method applies to protein complexes located
anywherewithin a cultured cell. In theory, the stoichiometry of any
protein assemblies whose sizes are diffraction-limited or much
smaller than the microscope resolution distance (~250 nm) could
be quantiﬁed by our method. The sizes of many subcellular struc-
tures or protein assemblies are within this range, such as cell sur-
face receptor complexes, clathrin-coated pits, ER exit sites, nuclear
bodies, kinetochores, virus particles and transport vesicles.
Taking advantage of our newly developed tool, we attempted to
measure the stoichiometry of GFP-Nup replaced NPCs in cultured
mammalian cells. There are twomajor factors that could lead to the
underestimation of the stoichiometry. First, incomplete replace-
ment of native subunits by GFP-tagged nucleoporins. This was a
main problem for the earlier attempt [11]. Our gene replacement
protocol should substitute more endogenous Nups but can still be
incomplete. Second, the presence of non-ﬂuorescent GFP-Nups in
the NPC due tomis-folding, photobleaching, blinking and dark state
transition [4]. The stoichiometry of the NPC has recently been
systematically studied by ﬂuorescence imaging [5,7,16] and quan-
titative mass spectrometry [3]. In agreement with Ori et al. [3], our
data indicate that the stoichiometry ratio of Nup88, Nup133 and
Nup93 is roughly 1:2:2. However, our stoichiometry data is half of
values reported by Ori and Finan et al. [3,7]. Our data are different
from the report by Mi et al., in which yeast ortholog of Nup88,Knockdown shRNA n No. of GFP-Nup
shCtrl 665 19 ± 13
shNup35-EcoRІ 1497 23 ± 12
shCtrl 516 17 ± 9
shNup93-SpeІ 744 18 ± 8
shCtrl 453 11 ± 4
shNup133-1 705 15 ± 6
shNup133-2 604 13 ± 5
shCtrl 626 11 ± 6
shNup88-HindІІІ 520 8 ± 3
shNup88-XbaІ 625 9 ± 4
ucts. NPCs at the bottom of the NE were imaged and quantiﬁed for the number of
NPCs that were quantiﬁed.
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orthologs of Nup93 and Nup133 [5]. Considering the 8-fold rota-
tional symmetry of the NPC, our data suggest that the stoichiom-
etry of Nup133 could be 16, consistent with Mi et al. [5] and that of
Nup35 and 93 could be 24 and 16 respectively. That the stoichi-
ometry of Nup88 could be 8 is consistent with the copy number of
Nup214 which forms a complex with Nup88 [16]. More accurate
data could be acquired by further improving the replacement efﬁ-
ciency or genomic GFP-tagging of Nups. It becomes recently known
that NPCs are heterogeneous and the stoichiometry of NPCs could
be dynamically regulated according to developmental stages of
cells [9]. We believe that our method provides a convenient tool to
assess the stoichiometry of individual NPCs under a dynamic in vivo
environment.
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